A proteomic survey of the halophilic archaeon Haloferax volcanii was performed by comparative two-dimensional gel electrophoresis in order to determine the molecular effects of salt stress on the organism. Cells were grown under optimal (2.1 M) and high (3.5 M) NaCl conditions. From this analysis, over 44 protein spots responsive to these conditions were detected. These spots were excised, digested in-gel with trypsin, subjected to QSTAR tandem mass spectrometry (LC/MS/MS) analysis, and identified by comparing the MS/MS-derived peptide sequence to that deduced from the H. volcanii genome. Approximately 40 % of the proteins detected (18 in total) displayed differential abundance based on the detection of at least two peptide fragments per protein and overall MOWSE scores of ¢75 per protein. All of these identified proteins were either uniquely present or 2.3-to 26-fold higher in abundance under one condition compared to the other. The majority of proteins identified in this study were preferentially displayed under optimal salinity and primarily involved in translation, transport and metabolism. However, one protein of interest whose transcript levels were confirmed in these studies to be upregulated under high salt conditions was identified as a homologue of the phage shock protein PspA. The pspA gene belongs to the psp stress-responsive regulon commonly found among Gram-negative bacteria where its transcription is stimulated by a wide variety of stressors, including heat shock, osmotic shock and prolonged stationary-phase incubation. Homologues of PspA are also found among the genomes of cyanobacteria, higher plants and other Archaea, suggesting that this protein may retain some aspects of functional conservation across the three domains of life. Given its integral role in sensing a variety of membrane stressors in bacteria, these results suggest that PspA may play an important role in hypersaline adaptation in H. volcanii.
INTRODUCTION
Halophilic microbes have evolved a host of unique strategies to combat the desiccating effects of salinity (reviewed by Dennis & Shimmin, 1997; Grant et al., 1998; Madern et al., 2000; Oren, 1998 Oren, , 1999 . The haloarchaea are particularly adept at co-existing with molar levels of salt, and thus are the major colonizers of hypersaline habitats (Javor, 1989) . Haloferax volcanii is a model haloarchaeon that grows optimally in environments containing 2-2.5 M NaCl, but is capable of growth in salinities ranging from 1.5 to 4 M NaCl (Mullakhanbhai & Larsen, 1975) . Both salinity-mediated gene regulation, and protein expression and activity have been examined in H. volcanii (Bidle, 2003; Bidle et al., 2007; Daniels et al., 1984; Ferrer et al., 1996; Mojica et al., 1997) , although many of the precise genetic mechanisms involved in these adaptations await further investigation.
To comprehensively identify additional genes directly responsible for the maintenance and survival of H. volcanii upon exposure to non-optimal salinity, a proteomic approach was employed with the aim of identifying proteins that contribute to the adaptation of this organism when grown in two dramatically different salinities. One specific protein identified in these studies, the bacterial-like stress response protein PspA, was of particular interest as its transcripts were also found to be regulated in response to non-optimal high salinity.
In prokaryotes, cell-membrane stressors (e.g. hyper-or hypo-osmotic shock, pressure, lipid biosynthesis defects) impart inducing signals that must be received by effector molecules and subsequently propagated into changes in gene expression in order for the cell to survive. In Gramnegative bacteria, several of these effector molecules have been well-studied and include the alternative sigma factor s E (RpoE) and the phage shock protein PspA (reviewed by Rowley et al., 2006) . PspA was discovered during studies examining the response of Escherichia coli to filamentous phage infection (Brissette et al., 1990 . Transcription of the psp regulon, consisting of the polycistronic operon pspABCE and the monocistronic gene pspG, is initiated by the alternate sigma factor s 54 , and is controlled by both positive and negative feedback inhibition . Under normal growth conditions within a cell, PspA acts as a negative regulator of the psp regulon by directly interacting with the transcriptional regulator PspF and suppressing its primary activity of recruiting s 54 to initiate transcription of pspABCDE and pspG (Jovanovic et al., 1996) . Upon sensing cellular stress, the cytoplasmic membrane proteins PspB and PspC bind PspA, releasing it from PspF. This event activates transcription of the psp regulon and leads to abundant pspA expression.
In addition to phage infection, induction of the psp regulon is stimulated by a wide variety of stressors in Escherichia coli, including heat and osmotic shock, inhibition of Tatdependent protein secretion or lipid biosynthesis, and prolonged stationary-phase incubation (Bergler et al., 1994; Brissette et al., 1990; Kleerebezem & Tommassen, 1993; Kleerebezem et al., 1996; Weiner & Model, 1994) . What unites these various types of stresses is the disruption of the proton motive force (PMF) in the cell. Thus, it is widely hypothesized that the major function of the psp regulon is to stabilize and maintain PMF within a stressed cell (Darwin, 2005; Rowley et al., 2006) . PspA is hypothesized to tightly associate with the cytoplasmic membrane during cellular stress and while experimental evidence for this hypothesis has yet to be shown, structural analysis of E. coli PspA revealed that it forms a symmetrical oligomeric ring that could interact with the F 1 subunit of the F 0 F 1 -ATPase in the membrane, lending stability (Hankamer et al., 2004) .
The psp regulon is found among a wide variety of both Gram-negative and Gram-positive bacteria, including Yersinia enterocolitica, Salmonella typhimurium and Bacillus cereus, and its role in the extracytoplasmic stress response in these organisms has been well-established (reviewed by Darwin, 2005) . Homologues of PspA (designated VIPP1) are also found among cyanobacteria and higher plants and are essential for photosynthesis as they are required for thylakoid biogenesis (Westphal et al., 2001) . Interestingly, heterologous expression of VIPP1 has been shown to complement E. coli pspA mutants in restoring Tat-dependent protein export defects, remarkably demonstrating that these proteins may retain some aspects of functional conservation across the bacterial and eukaryotic domains (DeLisa et al., 2004) .
To date, aside from genomic annotations, there has been no description of a functional PspA-like protein in Archaea, nor any study detailing its expression. In this study, we clearly demonstrate the presence and salinitymediated differential protein and transcript levels of an H.
volcanii PspA homologue that is 27 % identical and 53 % similar to E. coli PspA. Interestingly, the majority of psp regulon components of E. coli which interact with and are regulated by PspA are not conserved in Archaea, thus suggesting a different type of PspA-mediated control exists in this unusual domain of life.
METHODS
Strain and growth media. Haloferax volcanii strain DS70 (Wendoloski et al., 2001) was grown with shaking (180 r.p.m.) at 45 uC (Robinson et al., 2005) and cultured in a medium containing (l 21 ) 125 g (2.1 M or 12 %, optimal salinity) or 206 g (3.5 M or 20 %, high, non-optimal salinity) NaCl, 45 g MgCl 2 . 6H 2 O, 10 g MgSO 4 . 7H 2 O, 10 g KCl, 1.34 ml 10 % CaCl 2 . 2H 2 O, 3 g yeast extract and 5 g tryptone (Robb et al., 1995) .
Preparation and separation of proteins by two-dimensional gel electrophoresis (2-DE). Cells were harvested from mid-exponential phase at an OD 600 between 0.8 and 1.0 by centrifugation (6000 g, 5 min at 4 uC), and cell pellets were resuspended in 1 ml TRIzol (phenol/guanidine isothiocyanate; Invitrogen) per 100 mg cells (wet wt). Protein sample was extracted and 125 mg was separated by 2-DE using 11 cm IPG strips with a pI range of 3.9-5.1 and Criterion precast gels, as described previously (Kirkland et al., 2006) . Precision Plus protein molecular mass standards (Bio-Rad) were used for the SDS-PAGE dimension. Protein concentration was determined by the Bradford Protein Assay using BSA as a standard, according to the supplier's instructions (Bio-Rad). Proteins were stained in gel overnight in 150 ml SYPRO Ruby fluorescent protein stain and destained according to the supplier's instructions (Bio-Rad). Biological duplicate gels were imaged with the Bio-Rad Molecular Imager FX Scanner with a 532 nm excitation laser and a 555 nm LP emissions filter. Acquired images were analysed with PDQuest software v. 7.0.1 (Bio-Rad). Protein spots of interest were excised for analysis by MS using the Bio-Rad ProteomeWorks spot cutter with fluorescent enclosure.
In-gel tryptic digestion and tandem mass spectrometric (MS/ MS) analysis of proteins. 2-DE excised gel spots were reduced, alkylated and digested with trypsin (Promega) in-gel using an automated platform for protein digestion (ProGest; Genomics Solutions). Protein digests were separated by capillary reversed-phase HPLC (PepMap C18 column; 15 cm675 mm i.d.) with a linear gradient of 5-40 % (v/v) acetonitrile for 25 min at 200 nL min 21 as previously described (Kirkland et al., 2007) . MS/MS analysis was performed online using a hybrid quadrupole time-of-flight instrument (QSTAR XL hybrid LC/MS/MS) equipped with a nanoelectrospray source (Applied Biosystems) and operated with Analyst QS v1.1 data acquisition software as described by Kirkland et al. (2007) . MS data were searched against the deduced proteome of H. volcanii DS2 (4074 total ORFs; April 2007 annotation; http://archaea. ucsc.edu/) and GenBank, EMBL and SWISS-PROT databases at the National Center for Biotechnology Information (Bethesda) using the Mascot v2.1 search algorithm (Matrix Science). Carbamidomethylation of cysteines was allowed as a fixed modification, and variable modifications of methionine oxidation, pyro-Glu from glutamine or glutamic acid, acetylation, and phosphorylation of serine, threonine and tyrosine residues were also included in the search parameters. Precursor and fragment ion mass tolerances were set to 0.3 Da. Probability-based MOWSE scores above the calculated threshold value (P,0.05) were considered for protein identification. The pI and molecular mass values for deduced proteins were calculated as described by Gasteiger et al. (2001) .
RNA isolation and quantitative real-time PCR (qRT-PCR).
Transcript levels specific to the pspA gene were analysed using qRT-PCR for triplicate samples collected from replicate cultures of H. volcanii cultured in either optimal (12 % NaCl) or non-optimal high salt (20 % NaCl) medium. RNA samples were harvested from midexponential cultures using Tri Reagent (MRC). Following extraction, RNA was treated with 1 ml TURBO DNase (Ambion) for 30 min at 37 uC, followed by phenol/chloroform extraction and DNA precipitation. DNase-free RNA was quantified using an Eppendorf BioPhotometer. First strand cDNA was synthesized from 1 mg total RNA using the Stratagene Brilliant SYBR Green qRT-PCR, AffinityScript Two-Step Master Mix kit, according to the manufacturer's instructions. Priming was initiated by using random hexamers provided with the kit. Negative controls consisted of eliminating the AffinityScript reverse transcriptase from the first strand cDNA reaction and using this RNA as template in parallel experiments to ensure no DNA contamination in the RNA samples.
qRT-PCR was initiated by adding 2 ml of the first-strand cDNA synthesis reaction to pspA-specific forward (59-CGAAGAGAAC-GTCGAAAAGC-39) and reverse (59-CTTCAGCTCTTCGAGTT-CGG-39) primers. The reactions were run in a RotorGene RG-3000 (Corbett Research) for 45 cycles of 95 uC for 30 s; 50 uC for 1 min; and 72 uC for 1 min. qRT-PCR progression was monitored using the intercalating dye SYBR Green. Expression of the pspA gene was normalized to 16S expression and relative quantification was performed using protocols in the RotorGene software package (Corbett Research).
A standard curve was performed to monitor amplification efficiency using the following strategy. Both pspA and 16S gene fragments were amplified from genomic DNA, cloned into the pCR2.1-TOPO cloning vector (Invitrogen) and transformed into TOP 10 competent E. coli cells (Invitrogen). Plasmid DNA was purified from positive clones using the QIAprep Spin Miniprep kit (Qiagen) and linearized by restriction enzyme digestion. Standard curves having an r 2 value of 0.98 were generated using serially diluted linear plasmid DNA for each gene. Primer sets used showed an amplification efficiency [efficiency510 (21/slope) ] above 80 %.
Northern analysis. Total RNA (~8 mg) obtained from a nonoptimal, high-salt culture was denatured by resuspension in formaldehyde loading dye (Ambion) and heating at 65 uC prior to loading onto a 12 % formaldehyde gel. Following electrophoresis, RNA was transferred onto a Hybond-N + nylon membrane (Amersham) and cross-linked using a UV Stratalinker (UVC 500; Hoefer). A probe was created from a 500 bp internal pspA fragment by random priming using the Sequenase Random Primer Labelling kit (USB) and 50 mCi [a-32 P]dATP (MP Biomedicals). Hybridization was performed overnight in 5 ml QuikHyb solution (Stratagene) in a rotating hybridization oven set to 60 uC. The membrane was washed twice in 26SSC/0.1 % SDS at room temperature for 15 min and once in 0.16SSC/0.1 % SDS at 60 uC for 30 min. The washed membrane was exposed to Kodak Biomax XAR film with an intensifying screen at -80 uC for 24 h before development.
Phylogenetic analyses. Sequences used to construct a phylogenetic tree of PspA homologues were obtained by performing a protein BLAST search within GenBank on the NCBI website. The sequence alignments were performed using CLUSTAL_X (Thompson et al., 1997) , and the tree was constructed using NJPlot (Perrière & Gouy, 1996) . Amino acid sequences used in the tree can be found with the following accession numbers: Haloquadratum walsbyi (YP_658728), 
RESULTS

Proteomic analyses
H. volcanii cells were grown in either optimal (12 % NaCl) or non-optimal high salt (20 % NaCl) medium in biological duplicate experiments and analysed for differentially expressed proteins via comparative 2-DE. Protein spots of differential abundance in the 2-DE gels were excised and identified by QSTAR XL hybrid LC/MS/MS. From these analyses over 44 protein spots were either unique or of greater than twofold higher abundance under one saline condition compared to the other. Eighteen of these differential spots were mapped to proteins with high confidence based on MS detection of at least two peptide fragments with MOWSE scores ¢75 for each protein.
Protein isoforms identified as either dominantly or uniquely present in either optimal or non-optimal, high-salt growth medium are indicated in Table 1 . All of the identified proteins migrated at an observed pI similar to that calculated for the deduced protein sequence, and the majority of these proteins also migrated at a molecular mass similar to that calculated from the deduced protein sequence. Although one-third of the proteins had observed molecular masses 5 kDa greater than calculated in silico, this finding is common for proteins of the haloarchaea (Izotova et al., 1983) and is probably due to the predominance of acidic residues in these salt-loving proteins compared to the mesophilic proteins used as molecular mass standards for the SDS-PAGE dimension of the 2-DE gel.
The vast majority of proteins identified to be more abundant in the optimal-compared to high-salt medium were homologues of ribosomal proteins, enzymes linked to energy-generating or biosynthetic pathways, or proteins of unknown function. This result is consistent with the reduced doubling time (~twofold) and enhanced overall yield of cells grown on optimal-versus high-salt medium, respectively. The proteins identified as more abundant in high-versus optimal-salt medium included homologues of translation elongation factor 1a (EF1a), a regulatory subunit of acetolactate synthase (IlvN-like protein) and a transcriptional regulator related to the phage shock protein PspA. Not listed in Table 1 is HMG CoA reductase, which was found to display an approximately fourfold increase in expression under high-salt growth conditions, corroborating our previous findings (Bidle et al., 2007) . It is also noteworthy that a recent survey of H. volcanii genes regulated by non-optimal high salinity via microarray analysis detected similar patterns of regulation compared with this proteomic analysis (C. Daniels, personal communication). Indeed, of the 18 proteins identified in this study, all but two ribosomal proteins (Hvo2553, Hvo2783) showed the same pattern of up-or down-regulation by salt compared with the microarray analysis.
Transcriptional characterization of pspA
To determine if H. volcanii pspA is transcriptionally regulated in response to changes in salinity, a qRT-PCR analysis was performed on RNA samples isolated from H. volcanii grown in optimal or high non-optimal NaCl conditions. A~13-fold change was calculated in the relative level of expression of pspA in cells grown in 20 % NaCl compared with cells grown in 12 % NaCl. The relative expression level of pspA in cells grown in 20 % NaCl was 13.6±2.1-fold higher than cells grown in 12 % NaCl, as determined by the comparative critical threshold (2 DDC T ) method after normalization against 16S gene expression (Livak & Schmittgen, 2001) . Given its integral role in sensing a variety of membrane stressors in bacteria (e.g. osmotic stress), these results suggest that pspA may play an important role in hypersaline adaptation in H. volcanii.
To resolve if pspA is transcribed as part of an operon, as is commonly the case in many bacteria, Northern analysis was performed. As shown in Fig. 1(a) , a single transcript was resolved when probed with an internal pspA fragment. This transcript was~830 bp, which corresponds to the size of the pspA gene. Directly downstream of pspA lies an ORF (Hvo2637) encoding a conserved hypothetical protein with predicted transmembrane-spanning helices, but no clear homology to any other proteins encoded within bacterial psp operons, namely pspBCDE. Indeed, a search of the H. *HVO GenBank no. corresponds to the putative ORF designation from this H. volcanii genome annotation. DFold increase refers to increased protein abundance at either optimal (2.1 M) or high (3.5 M) salt as designated under sample. U, Unique protein spot.
volcanii genome indicates that there are no clear homologues of the other psp operon genes anywhere within the organism (Table 2 ). This suggests that the mechanism of PspA action in H. volcanii operates in a manner different from that seen in bacteria.
Further examination of the H. volcanii pspA sequence shows a clear archaeal consensus promoter (TTTAAG) located between 19 and 24 bp upstream of the translational start site of pspA (Fig. 1b) . At the 39 end of pspA, a short inverted repeat sequence can be found that may function as a transcription terminator. Indeed, bioinformatic analyses of the~100 bp intergenic spacer region located between the pspA stop codon and the translational start site of Hvo2637 yielded~20 different possible hairpin or secondary structure possibilities with stability coefficients (D G ) ranging from~-30 to -35 kcal mol 21 (Fig. 1c) .
Phylogenetic analysis of PspA across the three domains
A cursory bioinformatic search of completed archaeal genomes deposited in the GenBank database revealed that a number of euryarchaeota (e.g. methanogens and haloarchaea) encode homologues of PspA (see Fig. 2 
for details).
PspA is found ubiquitously in Gram-negative (e.g. Escherichia coli) bacteria as well as in Gram-positive (e.g. Bacillus cereus) bacteria and cyanobacteria (e.g. Synechococcus). It is widely hypothesized that a gene duplication of pspA within the cyanobacteria led to the formation of a similar gene, VIPP1, with a new-found function in thylakoid biogenesis. Indeed, photosynthesizing eukaryotes such as Arabidopsis all contain VIPP1 proteins and cyanobacteria contain a copy of both pspA and VIPP1. The distinguishing feature between the two proteins is the addition of a~30 aa C-terminal extension on VIPP1 (Westphal et al., 2001) .
A phylogenetic tree was constructed to determine the relationship of the H. volcanii PspA homologue to other known PspA/VIPP1 proteins. As seen in Fig. 2 , the tree supports the close relationships between plant, bacterial and archaeal PspA/VIPP1 proteins. As expected, most groups cluster within their given domain of life; furthermore, the PspA/VIPP1 proteins from both photosynthetic groups, the prokaryotic cyanobacteria and eukaryotic plants, cluster within the same grouping, confirming their close evolutionary relationship. One unusual result was the inclusion of two bacterial PspA homologues within the archaeal methanogen cluster. Bootstrap values support this result with confidence between 80-90 %. Clearly, as more information is learned about how and why the Archaea use PspA, it will be of interest to determine whether or not these two bacterial genera, Moorella and Propionibacterium, follow a similar mechanistic strategy as the Archaea.
Both the E. with either antibody tested (data not shown). These results are not entirely surprising as our evidence suggests it is likely that the H. volcanii PspA functions in a very different manner than either of the other domains of life.
DISCUSSION
The H. volcanii proteome was examined by 2-DE and MS/ MS to identify proteins of differential abundance under two different salinities (optimal versus high salt). Among the protein isoforms identified to be more abundant in high salt was a homologue to a known bacterial transcriptional activator, PspA. PspA plays an integral role in sensing a variety of membrane stressors in bacteria (e.g. osmotic stress). Thus, these results suggest that PspA may play an important role in hypo-and/or hypersaline adaptation in haloarchaea such as H. volcanii. Indeed, pspA-specific transcript levels were found to be regulated by hypersalinity compared with optimal growth conditions, a result that has also been independently confirmed by recent microarray analysis (C. Daniels, personal communication) .
The presence of pspA in euryarchaeal genomes is widespread as shown by its inclusion in a wide range of haloarchaea and methanogen genomes sequenced to date with the exception of the extreme haloarchaeon Halobacterium sp. NRC-1, which does not appear to contain an annotated pspA homologue in its genome. Beyond PspA, few, if any, of the E. coli psp regulon components are highly conserved among Archaea (see Table 2 ). The closest relatives of PspE include ORFs annotated as hydrolase, thiosulfate sulfurtransferase and/or molybdopterin biosynthetic enzymes. Likewise, among archaeal proteins, PspF is most closely related to the membrane-associated Lon protease of the AAA + superfamily . Although PspC annotated homologues are present in Archaea, these are not highly conserved or widespread. Furthermore, unlike bacteria which use s factors for promoter binding and transcription initiation, Archaea require eukaryotic-like transcription initiation factors (e.g. TATA-binding proteins and transcription factor B) which in turn recruit a multisubunit, complex RNA polymerase to initiate transcription (reviewed by Baumann et al., 1995; Bell & Jackson, 1998; Kyrpides & Ouzounis, 1999; Langer et al., 1995; Soppa, 1999; Thomm, 1996) . Thus, the mechanism of how the H. volcanii PspA responds to osmotic stress and the members of the psp regulon are likely to differ greatly from the E. coli paradigm. Clearly, the role of PspA in Archaea remains to be determined.
